INTRODUCTION
============

The regular structure of the double helix can experience local disruptions under sufficient bending and/or unwinding torsional stress. Large bending and torsional deformations often appear during DNA functioning, and thus we need to know the conformational features and conditions of appearance of such disruptions in of the regular DNA structure. Local structural disruptions appearing under negative torsional stress have been studied in detail ([@B1],[@B2]), but disruptions created by bending stress have not been studied experimentally. For a long time, however, such structural disruptions were a subject of theoretical discussion and modeling. Crick and Klug ([@B3]) were the first to suggest that large bending deformations should cause formation of kinks with preserved base pairing. Although such kinks have been observed in structures of DNA--ligand and DNA--protein complexes ([@B4; @B5; @B6; @B7]), the energetic cost of their appearance remains unknown. Simple theoretical estimations and molecular dynamics simulations show that kinks should appear in DNA circles of about 100 bp in length ([@B8],[@B9]). Kinks easily appear at DNA nicks ([@B10]), but their energetic cost should be substantially lower in this case due to the much larger conformational flexibility of single DNA strand. A hinge for double helix bending can also be provided by opening of a single base pair ([@B11]). The energetic cost of the latter disruption is rather high, however, and the probability to find a base pair in an opened conformation in unstressed DNA equals 10^--7^ -- 10^--5^, at room temperature ([@B12],[@B13]). This is understandable since the opening involves disruption of stacking in 2 bp steps. Kinks eliminate only one stacking interaction and therefore may have higher probability of appearance. Subsequently, under the term 'disruption' we will mean either base pair opening or kinks of the double helix.

Recent interest in the problem was initiated by Cloutier and Widom (CW) ([@B14]) who reported that the cyclization probability for DNA fragments of about 100 bp in length exceeds the theoretical expectation by 3--5 orders of value. The theory of DNA cyclization is based on the wormlike chain model, which considers only small fluctuations of angles between adjacent base pairs ([@B15]). The DNA model based on the wormlike chain accurately describes practically all known quantitative experimental data on DNA conformational properties ([@B16]). However, theoretical studies confirmed the suggestion made by CW that cyclization of very short DNA fragments has to deviate from the theoretical predictions based on the wormlike chain, if it involves sharp kinks of the double helix ([@B11],[@B17],[@B18]). The conclusion simply means that beyond a certain limit of the bending deformation, the regular DNA structure experiences local disruptions. This limit remained unknown, however, since a later study found that the cyclization probability for DNA fragments with length above 100 bp follows the predictions of the wormlike-chain model ([@B17]). We determined the limit in the current study by probing the structure of DNA minicircles.

First, we developed an efficient method to obtain covalently closed DNA minicircles. To detect disruptions of the regular DNA structure in these minicircles we treated them by single-strand-specific endonucleases. This method has been widely used to study local conformational changes in supercoiled plasmids ([@B19; @B20; @B21; @B22; @B23; @B24]). Any conformational changes in the minicircles are also influenced by their supercoiling, therefore we carefully accounted for this coupling. Choosing the experimental conditions where the influence of torsional stress is minimized, we found that the double helix is disrupted by bending deformation in the minicircles of 64--65 bp, but not in the 85--86 bp minicircles. Our data show that two different single-strand-specific endonucleases used in the study have different sensitivities to the disruptions created by bending and torsional deformations. We suggest, using this observation, that torsional stress creates open regions in the double helix while strong DNA bending initiates formation of kinks that preserve the base pairing. If the suggestion is correct, this is the first experimental observation of kinks in DNA free of bound proteins. Our results are very important for better understanding of small loop formation in DNA--protein complexes, since kinks greatly facilitate strong DNA bending.

MATERIALS AND METHODS
=====================

DNA minicircles
---------------

The sequences of all minicircles have GC-content near 50% and do not contain intrinsically bent motifs (Table S1 in Supplementary Data). Each minicircle ≤106 bp in length is assembled from two linear double-stranded DNA substrates that are obtained from one another by circular permutation of the fragment halves ([Figure 1](#F1){ref-type="fig"}). For each minicircle one linear substrate carries EcoRV blunt ends, while the other carries StuI blunt ends. Figure 1.Preparation of DNA minicircles from linear duplexes with very long cohesive ends. (**a**) DNA duplexes with *N*/2 base pairs and cohesive ends of *N*/2 nucleotides easily form minicircles, due to larger flexibility and contour length of the single-stranded regions. (**b**) Ligase-Assisted Minicircle Accumulation (LAMA). The same fragments paired with complementary strands were mixed together with *Taq* DNA ligase. In step 1, the fragments are denatured, then in step 2 they are quickly cooled. As a result, a fraction of them form the minicircles with two single-stranded nicks; the rest go back into linear duplexes. In step 3, the nicks are ligated. The cycle may be repeated a few times.

The linear substrates were cloned between EcoRV or StuI sites of separate plasmids, and verified individually by DNA sequencing. The substrates were PCR amplified by high-fidelity Phusion Polymerase (Finnzymes) using the cloned plasmids as templates. The universal PCR primers were designed to hybridize only with the vector sequences flanking each substrate. The PCR products were purified by PCR Purification Kit (Qiagen). Each PCR product was subsequently cleaved by either EcoRV or StuI restriction enzyme, producing the final blunt-end fragments for the minicircle assembly. The restriction enzymes were heat inactivated at the end of the reactions.

About 0.4 μg each of the two substrates were mixed in 100 μl *Taq* DNA ligase reaction buffer (30 mM Tris--HCl, pH 7.7, 25 mM NaCl, 3 mM MgCl~2~, 25 mM potassium acetate, 10 mM magnesium acetate, 10 mM DTT, 1 mM NAD, 0.1% Triton X-100), with 80 U of *Taq* DNA ligase for the Ligase-Assisted Minicircle Accumulation (LAMA) procedure (explained in Results section). The mixture was placed in a thermal cycler that performs the following temperature program: step 1, DNA denaturation at 95°C for 20 s; step 2, cooling at maximum rate to 4°C and holding for 1 min; step 3, ligation at 65°C for 20 min. Seven consecutive thermal cycles were able to convert up to 90% of the substrate fragments into minicircles. The minicircles ranging from 84 to 106 bp were produced by this procedure.

The LAMA protocol described above, however, failed to produce DNA minicircles of sizes between 63 and 66 bp, possibly due to the denaturation of circularly assembled DNA intermediates at the elevated ligation temperature of 65°C. These 63--66 bp minicircles were produced by a modified protocol, which switches to T4 DNA ligase and a 25°C ligation step. In this protocol, the substrates were mixed in the reaction buffer (60 mM Tris--HCl, pH 7.6, 25 mM NaCl, 13 mM MgCl~2~, 10 mM DTT, 1 mM ATP, 25 μg/ml BSA), heated to 95°C for 2 min and then chilled immediately on ice for 5 min. The mixture was brought to 25°C and incubated with 10 U of T4 DNA ligase for 1 h. Additional cycles do not improve the yield because T4 DNA ligase converted all remaining substrate molecules into various multimeric products during the first cycle. Minor fractions of the 63--66 bp DNA substrates were able to form minicircles.

Minicircles of 200, 205, 400 and 410 bp were obtained by ligase-catalyzed ring closure of linear DNA with HindIII cohesive ends ([@B25]).

After the minicircle assembly and ligation steps, the DNA products were treated by Exonuclease I and Exonuclease III at 37°C to digest the remaining single and double-stranded linear DNA. The minicircles were purified subsequently by the PCR Purification Kit or the Nucleotide Removal Kit (Qiagen). The minicircles did not contain chemically synthesized oligonucleotides to assure the consistency of DNA quality in the nuclease reactions.

Detection of local disruptions
------------------------------

BAL 31 nuclease digestion reactions were performed in 10 mM Tris--HCl, pH 8.0, 120 mM NaCl, 2 mM MgCl~2~, 2 mM CaCl~2~. DNA minicircles were incubated with 0.005 U/μl BAL 31 at 25°C for 10 and 60 min. The reaction was stopped by the addition of 15 mM EDTA.

S1 nuclease (USB) reactions were performed in 30 mM sodium acetate, pH 5.2, 50 mM NaCl, 1 mM ZnCl~2~. DNA minicircles were incubated with 0.2 U/μl S1 nuclease at 25°C for 30 min. The reaction was stopped by the addition of 10 mM EDTA.

DNA samples were electrophoresed in 10% (unless indicated otherwise) preheated denaturing polyacrylamide gels with 7 M urea, in Tris--borate EDTA buffer. The gels were stained with SYBR Gold (Invitrogen) and scanned by Storm 840 imager (Molecular Dynamics) in fluorescence mode. The Image Quant software was used to quantify the bands.

Enzymes and oligonucleotides
----------------------------

All DNA oligonucleotides were purchased from Integrated DNA Technologies. All enzymes were purchased from New England Biolabs unless otherwise noted.

RESULTS
=======

Preparing DNA minicircles
-------------------------

Our major attention in this study is on DNA minicircles around 100 bp and smaller. It is very difficult to obtain such small circles by the ligation of DNA fragments with short cohesive ends since the probability of cyclization is extremely low in this case ([@B17]). Therefore, to make these minicircles we developed a different strategy, DNA Circularization by Long Cohesive Ends (DCLCE). A circle of *N* base pair in length can be assembled by mixing two single-stranded DNA of *N* nucleotides, which are capable of forming a linear duplex with *N*/2 base pairs and two long cohesive ends of *N*/2 nucleotides each ([Figure 1](#F1){ref-type="fig"}a). These long cohesive ends are very flexible and their contour length is larger than the length of the double-stranded part of the duplexes, so nucleation and propagation of the cyclization is possible without substantial deformation of the double-stranded part. This provides higher efficiency of cyclization compared to the multimerization, under the condition that the concentration of substrate oligonucleotides is not too high. The final product is the double-stranded circular DNA with two nicks located diametrically, which can be subsequently ligated by DNA ligase. By using the DCLCE strategy one can obtain DNA minicircles of nearly any sequence.

In our tests, DCLCE was able to convert chemically synthesized oligonucleotide substrates to nicked double-stranded minicircles with nearly 100% yield. However, we found the homogeneity of the synthetic DNA unsatisfactory for our goals (see Note in Supplementary Data). Thus, we extended the strategy to allow the use of double-stranded DNA substrates ([Figure 1](#F1){ref-type="fig"}b). When a generic DNA strand *A* precisely matches strand *B* by DCLCE, their complementary strands will do this as well. By successive processes of heat denaturation and annealing, a fraction of the linear DNA is converted to the minicircles. These minicircles are a mixture of two isomers, differing only in the sites of two nicks. After ligation of the nicks by DNA ligase, all covalently closed minicircles are identical. In our experiment, each DNA template was cloned into a plasmid vector, amplified by high-fidelity PCR, and restricted to blunt end DNA of a designated length. In order to improve the yield of circles, we developed a one-pot method named LAMA. In LAMA, the pair of matched substrates was mixed in a 1:1 ratio with thermophilic *Taq* DNA ligase. By repeating the temperature program of 95°C (denaturation) → 4°C (annealing) → 65°C (nick ligation) in a thermal cycler, the remaining linear substrates can be reused in the following rounds; thus more circles can be accumulated ([Figure 2](#F2){ref-type="fig"}a). Two key factors help ensure the high efficiency of the procedure: (i) *Taq* DNA ligase does not ligate the blunt ends of linear DNA; and (ii) formation of covalently closed minicircles is irreversible. Figure 2.Analysis of the minicircle preparation. (**a**) Preparation of 86 bp minicircles by LAMA. The lanes of denaturing polyacrylamide gel show single-stranded linear (86 nt L) and circular (86 and 172 nt C), as well as denatured covalently closed double-stranded minicircles (86 and 172 bp C) accumulation after various numbers of cycles. After seven cycles the mixture was treated by exonucleases I and III (lane 6). (**b**) Confirmation of the circular structure of the 86 bp ligation product by restriction and nicking endonucleases. Samples were separated in denaturing polyacrylamide gel with 10 bp linear DNA marker *M* (Invitrogen). Lane 1, 86 bp linear DNA; lane 2, 86 bp DNA minicircle; lanes 3--5, 86 bp minicircle treated with single or double digestion by EcoRV and StuI, whose restriction cleavage sites are 43 bp apart by design; lane 6, 86 bp minicircle singly nicked by Nt.BstNBI that runs as a single-stranded circle and a single-stranded linear DNA in denaturing conditions; lane 7, singly-nicked 86 p minicircle treated by Exonuclease I and Exonuclease III which leave only the single-stranded circular DNA.

In our experiments, LAMA successfully produced minicircles of 84--106 bp. However, the protocol failed to produce closed minicircles of 63--66 bp. To obtain these minicircles, we first assembled them in the absence of DNA ligase, and then incubated the mixture with T4 DNA ligase at room temperature to close the nicks.

The double-stranded circular nature of the samples was established from the restriction by EcoRV and StuI, and the nicking by Nt.BstNBI ([Figure 2](#F2){ref-type="fig"}b). The verification of the minicircle sizes is presented in Supplementary Data (Figure S1).

Theoretical analysis of conformational changes in supercoiled minicircles
-------------------------------------------------------------------------

Proper interpretation of the experimental data presented below requires theoretical analysis of the thermodynamic equilibrium between the minicircle conformations with and without local disruptions. For this goal we need to estimate the corresponding conformational free energies. We will assume that a certain number of disruptions appear in the minicircle. This changes both the DNA bending free energy, *G*~b~, and the free energy of the torsional deformation, *G*~t~. The change of *G*~t~ occurs since local disruptions of the double helix can be associated with DNA unwinding. Such unwinding occurs during base pair opening ([@B26],[@B27]). It also occurs in DNA kinks that preserve base pairing, according to the theoretical analysis ([@B3],[@B9]) and structural data on DNA--protein complexes ([@B5],[@B28]). This unwinding, δ*Tw*, affects the value of *G*~t~ and, therefore, the probability of the disruption appearance. In addition, formation of the disruptions has their internal free energy cost, *G*~k~. The value of *G*~k~ is specified by local conformational changes only and does not depend on the torsional and bending stress in the minicircles.

DNA supercoiling (the excessive torsional deformation in the case of minicircles) is specified by the linking number difference, Δ*Lk*. The value of Δ*Lk* equals *Lk* − *N*/γ, where *Lk* is the linking number of the DNA complementary strands and γ is the average number of base pairs per helix turn in the torsionally unstressed DNA under particular conditions ([@B29]). We are interested here in DNA minicircles \<200 bp in length, which maintain a planar conformation if −1.5 ≤ Δ*Lk* ≤ 1.5 ([@B30]). Therefore, in the absence of local disruptions the elastic energy of minicircles consists of *G*~t~ and *G*~b~ only and can be written as where *L* is the minicircle contour length, *C* is the torsional rigidity constant, and is the bending energy in the absence of any disruptions. After appearance of disruptions the number of helix turns in torsionally unstressed molecules is (*N*/γ + δ*Tw*) rather than *N*/γ, so the supercoiling is specified by the value *Lk* − (*N*/γ + δ*Tw*), or (Δ*Lk* − δ*Tw*). Correspondingly, *G*~t~ depends on (Δ*Lk* − δ*Tw*) rather than on Δ*Lk* Thus, in the presence of the disruptions the minicircle energy can be written as where is the bending energy in the presence of the disruptions.

The change of the minicircle energy, δ*G* = *G*~1~ − *G*~0~, resulting from the disruption appearance, equals where . Since , Equation ([3](#M3){ref-type="disp-formula"}) shows that the energy of torsional deformation always promotes local disruptions if Δ*Lk \<* δ*Tw*/2. The above analysis is illustrated in [Figure 3](#F3){ref-type="fig"}. Figure 3.The effect of local DNA unwinding on the disruption formation. Changes of DNA torsional free energy, *G*~t~ are specified by the value of (Δ*Lk*−δ*Tw*) where δ*Tw* is the DNA unwinding by the disruptions (δ*Tw \<* 0). These changes are shown by arrows on the plots. (**a**) Sufficiently large negative supercoiling reduces *G*~t~ and therefore promotes the disruption appearance. (**b**) *G*~t~ increases by the disruption formation if the minicircles were initially relaxed (Δ*Lk* = 0). In this case, the torsional deformation inhibits the disruption formation. (**c**) If the minicircle Δ*Lk* equals δ*Tw*/2, the torsional free energy does not change on the disruption formation and, therefore, does not affect the disruption appearance.

We will assume in the subsequent analysis that DNA helical repeat is not changing in strongly bent DNA fragments. The assumption is supported by the crystallographic data on nucleosome structure, where the double helix is bent with a curvature similar to the curvature of our minicircles ([@B31]). Also, the cyclization data show that γ does not change in free minicircles of 95--105 bp ([@B17],[@B32]).

Structural disruptions caused by negative torsional stress
----------------------------------------------------------

Different methods were used to detect structural disruptions in negatively supercoiled DNA, and among them an important role belongs to probing DNA structure by endonucleases specific to single-stranded DNA segments ([@B19; @B20; @B21; @B22; @B23; @B24]). These enzymes introduce single-stranded cuts at DNA sites with structural disruptions. We used two of these enzymes, BAL 31 and S1, to probe the structure of the minicircles. The nucleases are commonly used probes for noncanonical structures in double-stranded DNA ([@B33]). Both enzymes are capable of cleaving the single-stranded loops in DNA hairpins. It has been reported that BAL-31 and S1 nucleases can cleave DNA lesions which are generated by mutagenic agents such as ultraviolet radiation and by treatment of *N*-acetoxy-*N*-2-acetylaminofluorene (AAAF) ([@B34; @B35; @B36]). Solution structure of a duplex DNA containing a cyclobutane thymidine dimer, the major DNA photoproduct by UV radiation, shows base pair destabilization and distortion at the lesion ([@B37]). The DNA product of AAAF treatment also introduced evident unwinding in the DNA helix ([@B36]). In addition, BAL-31 and S1 nucleases are also known to specifically cleave B-Z DNA junctions ([@B38],[@B39]). The first atomic structure of a B--Z junction was revealed by X-ray crystallography recently, showing only one broken base pair with extruded bases at the junction ([@B40]). The base stacking between the B and Z DNA segments is continuous in the structure. Both the mutagenic lesions and the B--Z junction can be considered as abrupt DNA backbone distortions, but they do not include segments of single-stranded DNA in a conventional sense. Still, they are well recognized by both endonucleases. Albeit no apparent single-stranded structure is present in a kink, the inherent small unwinding and the large base pair roll within a kink are possibly the features which can be recognized by the enzymes. It is worth noting that S1 endonuclease works under low pH, although above the pK~a~ values of the DNA bases.

First, we investigated 200 bp and 205 bp minicircles. For the 200 bp minicircles Δ*Lk* is close to zero ([@B25]), so they are represented by a single topoisomer. The minicircles are very stable to the digestion by both nucleases (under chosen standard conditions), as was expected ([Figure 4](#F4){ref-type="fig"}). The fragments of 205 bp in length have ∼19.5 helix turns and therefore form two topoisomers after cyclization, with and ([Figure 4](#F4){ref-type="fig"}). The topoisomers are not digested by either BAL 31 or S1 nuclease. This result shows that even the (--) topoisomer keeps essentially intact regular structure in the minicircles of this size. Figure 4.Probing the structure of 200 bp and 205 bp DNA circles by single-strand-specific endonucleases. The 6% denaturing polyacrylamide gels show results of 60 min treatment by BAL 31 (**a**) and 30 min treatment by S1 (**b**). The only topoisomer of the 200 bp minicircles (CM, *Lk* = 19) is relaxed; the two topoisomers of the 205 bp minicircles (*Lk* of 19 and 20) have Δ*Lk* of --0.5 and 0.5. The minicircles of 400 and 410 bp (CD) are relaxed. The size of linear fragments which served as a substrate in the minicircles preparation is shown at the bottom of the figure.

Second, we studied the nuclease digestion of 106 and 100 bp minicircles. The data in [Figure 5](#F5){ref-type="fig"} show that the DNA structure is not disrupted in the 106 bp minicircles that are represented by the single torsionally unstressed topoisomer (Δ*Lk* = 0) ([@B17]). The fragment of 100 bp has a semi-integer number of helix turns, so one could expect that its cyclization gives two topoisomers. The minicircles, however, are presented by only one topoisomer that is quickly digested by BAL 31 ([Figure 5](#F5){ref-type="fig"}a). Thus, the topoisomer has well-pronounced local disruptions. It means that its Δ*Lk* equals --0.5 rather than +0.5, since only negative torsional stress can promote the disruptions \[see Equation ([3](#M3){ref-type="disp-formula"})\]. Correspondingly, the free energy of the (+) topoisomer is higher than that of (--) topoisomer, and (+) topoisomer does not appear during the ligation. S1 endonuclease also digests the topoisomer, although the reaction proceeds very slowly ([Figure 5](#F5){ref-type="fig"}b). Figure 5.Probing the structure of 100 bp and 106 bp DNA minicircles by single-strand-specific endonucleases. The denaturing polyacrylamide gels show the results of 60 min treatment by BAL 31 (**a**) and 30-min treatment by S1 (**b**). The minicircles (ds circular) of 100 bp are negatively supercoiled (), while minicircles of 106 bp are relaxed. The other labels refer to single-stranded linear fragments (ss linear) and circles (ss circular). The minicircle size is shown at the bottom of the figure.

The fact that disruptions appear in this topoisomer is not surprising. The topoisomer superhelix density, σ, is close to --0.055, which corresponds to extremely high torsional stress, equivalent to σ of --0.22 in a large circular DNA ([@B41; @B42; @B43]). Torsional stress of this magnitude should cause local unwinding of the double helix in the minicircle. The reduction of the bending stress further shifts the equilibrium to the conformation with local disruptions. However, the bending stress *per se* is insufficient to create disruptions in the minicircles of about 100 bp in length since torsionally unstressed minicircles of this size are not digested by the nucleases.

DNA distortion by bending deformation
-------------------------------------

Since the minicircles of 106 bp in length () are highly resistant to nuclease digestion, we applied the approach to minicircles of smaller sizes. The data on the nuclease digestion of 63 bp circles are shown in [Figure 6](#F6){ref-type="fig"} \[lanes 2 and 3 in panels (a) and (b)\]. Although the linear fragment of this length has nearly an integer number of the helix turns, the corresponding circles appear as two topoisomers, the upper one with Δ*Lk* of --1 and the lower one with Δ*Lk* of 0 (Figure S2 in Supplementary Data). [Figure 6](#F6){ref-type="fig"}a and b shows that (--) topoisomer is quickly digested by both endonucleases, so the topoisomer definitely has local disruptions. Such local disruptions would create positive torsional stress in the intact regions of the second topoisomer with , so their formation has to be suppressed. This second topoisomer is only slowly digested by BAL 31 endonuclease and resistant to S1 treatment ([Figure 6](#F6){ref-type="fig"}a and b). Thus, the disruptions appear in the topoisomer with rather small probability. Figure 6.Probing the structure of DNA minicircles by single-strand-specific endonucleases. The denaturing polyacrylamide gels (10% for **a** and **b**; 8% for **c** and **d**) show results of 60-min treatment by BAL 31 (**a, c**) and 30-min treatment by S1 (**b, d**). The minicircle size in base pair is shown for panels **(a)** and (**b**) at bottom of panel (**b**) and for panels (**c**) and (**d**) at bottom of panels (**d**). Minicircles of 63--66 bp were obtained by nick ligation at 25°C, while minicircles of 84--87 bp were ligated at 65°C except for the 84 bp minicircles shown at lane 1 of panel (**c**) which were ligated at 25°C. Some minicircles are represented by two topoisomers; the topoisomers with lower value of *Lk* correspond to the upper band. (**e**) Quantitative comparison of BAL 31 digestion rates for two sets of minicircles (for 63, 84 and 85 bp minicircles the plot represents topoisomers with higher values of *Lk*). The digestion kinetics is specified by the first-order rate constant, *k*. The data from panels (**a**) and (**c**) and from SI Figure 3 were used for the plot.

The energy of the upper topoisomer () is specified by Equation ([2](#M2){ref-type="disp-formula"}), while the energy of the lower topoisomer () can be approximated by Equation ([1](#M1){ref-type="disp-formula"}). Since the fractions of both topoisomers are nearly equal, so they have nearly equal energies. This gives us the following equation

Since the first and third terms in the equation are positive, we conclude that for DNA minicircles of this size the decrease in the bending energy (the second term) has a larger absolute value than the energetic cost of the disruptions, *G*~k~. Thus, in these minicircles the bending deformation alone is sufficient to cause the local disruptions. This conclusion is confirmed by the digestion analysis of the minicircles 64--66 bp in length.

The effect of the supercoiling energy on the appearance of the disruptions would be close to zero if \[see Equation ([3](#M3){ref-type="disp-formula"})\].

We can estimate that each of the disruptions, kinks or open base pairs, introduces DNA unwinding of 0.05--0.2 of the helix turn and a couple of such disruptions should appear in a minicircle to reduce the bending energy substantially, so δ*Tw =* (−0.1)÷(−0.4) ([@B3]). We conclude that Δ*Lk* satisfying Equation ([@B3]) should be in the range of (−0.05)÷(−0.2). If Δ*Lk* \> δ*Tw*/2, the disruptions are suppressed by the supercoiling; if Δ*Lk* \< δ*Tw*/2, they are promoted by supercoiling. Supercoiling definitely suppresses the disruptions in the second topoisomer of 63 bp circles (). Therefore, we investigated the minicircles of 64--66 bp, where the values of Δ*Lk* are close to --0.1, --0.2 and --0.3, correspondingly. The data presented in [Figure 6](#F6){ref-type="fig"} \[panels (a) and (e)\] show that the rate of digestion by BAL 31 increases greatly when the circle size is growing and Δ*Lk* is decreasing. This confirms that δ*Tw* \< 0 for the appearing disruptions \[see Equation ([@B3])\]. The value of Δ*Lk* for some circles of this set should approximately satisfy Equation ([5](#M5){ref-type="disp-formula"}), and they are well digested by BAL 31 nuclease. Thus, we conclude from the digestion data that DNA bending alone disrupts the regular DNA structure in 64--66 bp minicircles.

[Figure 6](#F6){ref-type="fig"}b shows that 64--66 bp minicircles are hardly digested by S1 nuclease, while the enzyme quickly digests the (--) topoisomer of 63 bp circles. It is possible that DNA disruptions in the latter case have a different nature and this makes them more accessible to the digestion by S1 nuclease.

The results presented so far show that the bending stress alone causes disruptions of the double helix in 64--66 bp minicircles, but not in 106 bp minicircles. To address the critical size of the minicircles where the bending-induced disruptions appear with higher precision, we investigated minicircles of 84--87 bp in length.

The 84 bp linear fragment has nearly an integer number of helix turns (*N*/γ = 8), and in this respect is similar to the 63 bp fragment. However, it forms only one topoisomer with during the nick ligation at 25°C (the first lane in [Figure 6](#F6){ref-type="fig"}c). Two topoisomers of the minicircles are obtained by ligation at 65°C \[[Figure 6](#F6){ref-type="fig"}, lane 2 in panels (c) and (d)\]. In this case, DNA unwinding by of the helix turn promotes appearing of the upper, negatively supercoiled topoisomer. Also, the local disruptions are more probable at 65°C, and this facilitates the formation of (--) topoisomer.

The (--) topoisomer is digested very fast by both endonucleases ([Figure 5](#F5){ref-type="fig"}c, lanes 2 and 3). Of course, this was expected since the topoisomer has very high (--) supercoiling (). The lower topoisomer, with , is resistant to both endonucleases. As it was for the lower topoisomer of 63 bp, the supercoiling has to suppress the appearance of disruptions in this case. To eliminate this factor we investigated digestion of 85--87-bp minicircles. [Figure 6](#F6){ref-type="fig"}c--e shows that all these minicircles are resistant to the digestion by both endonucleases (except the upper topoisomer of 85 bp minicircles). Only a very slight digestion by BAL 31 was observed for 87 bp minicircles. In the latter case, however, negative supercoiling may promote the disruption appearance. Therefore, we concluded that DNA bending alone does not create disruptions in this set of minicircles.

DISCUSSION
==========

To determine the limit of elastic bending deformation of the double helix, we probed the DNA structure in minicircles of various sizes by single-strand-specific endonucleases. This method was used to study alternative structures in negatively supercoiled plasmids for many years. We tested, using minicircles with different supercoiling, that the method strongly discriminates the minicircles with and without disruptions of the regular DNA structure. The negatively supercoiled minicircles are well digested in the cases when they are expected to have unwound regions.

It was important to minimize the effect of torsional stress in the experiments, in order to address double-helix disruption by bending stress alone. Our analysis showed that it should be the case for DNA fragments with the number of the helix turns slightly exceeding an integer number. Under such condition, the net change of the torsional free energy due to the disruption formation will be close to zero. Using the corresponding circles we showed that bending causes disruptions of the double helix in the minicircles of 64--65 bp, although the helix structure is intact in the minicircles of 85--86 bp and 106 bp.

Our results are in a very good agreement with the measurements of *j*-factors for short DNA fragments. First, we found that minicircles of bp in length with Δ*Lk* of --0.5, 0 and +0.5 are resistant to digestion by both endonucleases used in the study, BAL 31 and S1, confirming that the minicircles contain no disruptions of the double helix structure ([Figure 4](#F4){ref-type="fig"}). This is in agreement with the fact that the values of *j*-factor for these minicircles are very well described by the model which accounts only for DNA elastic deformations ([@B25]). The same agreement between theory and experiment was observed for the 106-bp minicircles ([@B17]). Our current data confirmed that the minicircles of this size, with , do not contain disruptions of the double helix ([Figure 4](#F4){ref-type="fig"}). The 100-bp minicircles, on the other hand, appear in the form of a highly negatively supercoiled topoisomer (σ = --0.055). These minicircles are easy digested by BAL 31 nuclease, in full agreement with theoretical estimations showing that minicircles with such negative supercoiling have to have unwound regions. Thus, it is not surprising that the *j*-factor oscillations for the set of minicircles 94--105 bp in length are much smaller than they should be for minicircles of these sizes with the intact helical structure ([@B32]). Cyclization of DNA fragments 100--106 bp in length gives minicircles without disruptions for topoisomers with small torsional stress and minicircles with disrupted regions for topoisomers with . Bending stress alone does not disrupt the double helix in the minicircles of these sizes.

Our results show disruptions of the regular DNA structure by bending deformation if the average angles between adjacent base pairs approach 6°. This is a relatively small angle, and such bending does not destroy the stacking interaction between two chosen adjacent base pairs. Indeed, the average amplitude of the angle thermal fluctuations corresponds to 6--7° ([@B25]), and these fluctuations do not disrupt regular DNA structure. The disruptions appear in the minicircles because they create localized sharp bends which reduce the bending deformation in all other base pair steps of the minicircles. It is a different question what angle between two chosen adjacent base pairs would break the stacking interaction between them. It should be noted in this context that the value of DNA curvature causing the disruption formation is not relevant to kink formation in tight DNA--protein complexes. In such complexes nearly each base pair interacts with protein and kink formation at a particular base pair step hardly affects conformations at the adjacent base pair steps. Our study addresses conformations of DNA loops which do not interact with proteins along their entire contour, like one formed by lac repressor in lac operon ([@B44]).

Our approach cannot determine what kind of local unwound structures appear in the minicircles. We can only suggest some speculations on the issue, based on the different sensitivity of the minicircles to two single-strand-specific nucleases used in the study. Quick digestion by S1 nuclease was only observed for minicircles with Δ*Lk* of --1 \[(--) topoisomers for 63 and 84 bp minicircles, [Figure 6](#F6){ref-type="fig"}b and d\]. We suggest that the disruptions in these cases have larger unwinding and correspond to small regions with opened base pairs. The disruptions created by the bending stress alone in 64--66 bp minicircles are resistant to S1 nuclease, although they are well digested by BAL 31. Certainly, DNA unwinding should be smaller in these cases, and we think that the disruptions represent sharp kinks of the double helix which preserve base pairing. Although there are no doubts that such kinks can appear in DNA free of bound proteins, our study presents probably the first case in which they were observed experimentally.

A different type of disruption, which involves two consecutive base pair steps, was observed in the recent molecular dynamic simulation of DNA minicircles ([@B9]). In this disruption, the hydrogen bonds are intact in two flanking base pairs while the central base pair is broken and the bases are stacked with the 5′ bases of the corresponding strands. We cannot exclude that this kind of disruption also appears in the studied minicircles.

The 100-bp minicircles represent a special case, since they have Δ*Lk* of --0.5. This Δ*Lk* is sufficiently large to promote base pair opening. The minicircles have some sensitivity to S1 nuclease, indicating that base pair opening can occur there with a certain probability. On the other hand, the minicircles are digested very fast by BAL 31 enzyme, which indicates that they have stable disruptions. It is probable that both base pair opening and kinks appear in these minicircles with comparable probabilities.
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